Background. Shugoshins (SGOs) are proteins that protect cohesins located at the centromeres of sister chromatids from their early cleavage during mitosis and meiosis in plants, fungi, and animals. Their function is to prevent premature sister-chromatid disjunction and segregation. Meiotic SGOs prevent segregation of sister chromatids in meiosis I, thus permitting homologous chromosomes to segregate and reduce chromosome number to haploid set. The study focused on the structural differences among shugoshins acting during mitosis and meiosis that cause differences in chromosome behavior in these two types of cell division in different organisms.
comparative analysis within a large pool of different SGOs, trying to find key structural 1 differences between somatic and meiotic shugoshins. 2
The protein that protects pericentric cohesion of sister chromatids in meiosis I has been 3 discovered experimentally by two independent research groups ( The secondary structure of the proteins under study (the probability that an α-helical 26 structure is formed) was identified using the COILS program (Prediction of Coiled Coil 27
Regions in Proteins, http://www.ch.embnet.org/software/COILS_form.html) with a window 28 width of 28 and default other parameters. 29 The static electrical charge distribution along a shugoshin molecule was studied using 30 the "Mobile portal -charge Knowing from the literature that the N-and C-terminal functional domains are 41 moderately conserved among shugoshins, we tried to apply an apparently formal procedure to 42 identifying the domains in the selected proteins (Table 1) . However, CDART did not identify 43 the domains in almost half of the proteins, including both predicted ones and proteins 44 examined experimentally. The N-terminal functional domain was not detected in the SGO1 45 proteins of A. thaliana, O. sativa, and several invertebrate and vertebrate species (Table 2) . 46
The C-terminal domain was not found in the SGO1 proteins of Drosophila, certain fungi, and 47 the snake O. hannah (in the last case, the failure was likely explained by the fact that only a 48 truncated protein variant was available from the databases). Both of the domains were not 49 detected in human SGOL2 by CDART, although the protein has been annotated as having an 50 N-terminal coiled-coil shugoshin domain in the NCBI database. The two domains were 1 similarly not detected in chordate animal, ascidian Ciona SGO1. The ascidian protein has 2 been predicted by bioinformatics methods, but has not been characterized in the NCBI 3 annotation. Hence, to clear up the situation we analyzed other parameters reflecting the 4 properties of the proteins. 5
Physicochemical properties of shugoshins 6 A study of the secondary structure and, in particular, the propensity to form an α-helix 7
showed that the α-helix colocalizes with the N-terminal functional domain in the proteins that 8 we found to have one (Table 2, Figure 1 ). The only exception is Zea mays shugoshin SGO1 9 where α-helix is located downstream the domain. We assumed on this ground that other α-10 helix-forming shugoshins similarly possess an N-terminal functional domain. Thus, all of the 11 proteins examined were assumed to be shugoshins in fact and to possess an important N-12 terminal domain. The assumption pertains to both meiotic forms and all other shugoshins 13 (Figures 2, 3 ). 14 Another important feature was revealed by studying the electrostatic charge distribution 15 along the protein molecule in our protein set. An N-terminal positive charge peak preceded 16 the α-helical region in almost all of the proteins (Figures 1-3 , Table 2 ). Exceptions to this rule 17 are observed when a protein molecule begins immediately with the domain and/or the α-helix. 18
A positive charge peak either colocalized with the α-helix (in both of the O. hannah 19 shugoshins) or was absent (in Drosophila and several fungal proteins) in this case. Meiotic 20 shugoshins did not differ in this feature from other shugoshins. A positive charge peak 21
showed a strong colocalization with the C-terminal domain in the proteins wherein the 22 domain was identified by CDART (Figures 1, 2 ). In the proteins wherein CDART failed to 23 detect a C-terminal domain, the domain was impossible to predict by charge distribution 24 because many positive charge peaks were observed along a shugoshin molecule (Figure 3 ). 25
The isoelectric point (pI) was another parameter used in the analysis. The parameter 26 varied greatly, from 6.55 to 9.25, in meiotic shugoshins (S. pombe and A. thaliana SGO1 and 27 vertebrate SGOL2 proteins, Table 2 ). Still, their pI values were within the variation range 28 observed for other shugoshins (from 5.15 to 9.87). 29 Conserved amino acid motifs in shugoshin molecules 30
In addition, the sets of conserved amino acid motifs were analyzed using MEME. Only 31 a minor similarity was observed a) for meiotic shugoshins from the organisms that possess 32 two shugoshin forms, and b) for shugoshins of O. sativa, Z. mays, and D. melanogaster that 33 were shown to be truly meiotic. A C-terminal motif was the only motif traceable in all meiotic 34 shugoshins ( Figure 4 , the motif is asterisked). Common N-terminal motifs, which coincided 35 in location with functional domains (as observed in our separate study), were found only in 36 vertebrates ( Figure 4 , the motifs are indicated with arrows).Even a lower similarity was found 37 for mitotic shugoshins from the organisms that possess two shugoshin forms ( Figure 5 ). The 38 common C-terminal motif was not detected, while the N-terminal motif was observed only in 39 vertebrates, except D. rerio (arrows). 40
The localization of the C-terminal functional domain (CDART program) and the 41 conserved amino acid sequence motif (MEME program, Figure 4 ) were compared among 42 meiotic shugoshins. Nearly coincident coordinates were observed for the two structural 43 elements. The greatest deviation was one or two amino acid residues. The consensus sequence 44 of the C-terminal motif was identified as RYRRRRACKPVSYKEPSLRCKMRR, being rich 45 in arginine (R). We performed an analogous study of mitotic shugoshins in seven species 46 having two shugoshin forms ( Figure 5 ). The common C-terminal motif was detected only in 47 vertebrates (SGOL1 Mm, Hs, Xl, and Dr; asterisked), and its consensus was identified as 48 KRRCTAAVNYKEPTLASKLRRGDPFTDLCFLNSPIFKQ, having less arginine residues. 49 Two features were noted when comparing the two, meiotic and mitotic, shugoshin forms 1 (Figures 4, 5 , Table 2 ). First, fungi and plants stood quite apart because even the C-terminal 2 motifs of their proteins slightly differed from those in vertebrates. The N-terminal motifs were 3 also different. Taking into account other parameters of proteins (Table 2) , one can note a far 4 greater similarity within the SGO2 group and especially within the SGO1 group. As it is seen, 5 pI values were high in the majority of the SGO1 proteins, amounting to 9 or more, either to 8 6 in fewer cases (Table 2 , shadowed gray). The SGO2 proteins had lower pI values. On the 7 other hand, additional α-helical structural fragments occurring in the central part of the 8 molecule were more common in the SGO2 group (Table 2 , shadowed gray). The N-terminal 9 functional domain was more often undetectable by CDART in the SGO2 group. 10 11 Discussion 12
To study the variation of shugoshins in a broad evolutionary range of organisms, we 13 employed a set of bioinformatics methods to analyze both structural and physicochemical 14 features of the proteins. A diagnostic signature of all shugoshins was identified; namely, a 15 positively charged region precedes an α-helix at the N end of the molecule. The signature was 16 the most conserved among the shugoshins from the 25 plant, fungal, and animal species 17 examined in our work. We did not observe the signature only in the shugoshins that had the α-18 helix at the very terminus of the molecule that was in Drosophila melanogaster, Candida 19 glabrata and Villosiclava virens (Table 2) . 20 Starting our in silico study of shugoshins, we observed that their N-terminal domains 21 show an extremely low similarity even within a taxon. CDART failed to identify the N-22
terminal domain in 11 out of the 32 proteins in our set ( shugoshins, their secondary structure has features that are more typical. All members of the 34 family have a distinct α-helix at the N end (Figures 1-3 , Table 2 ). Two α-helical regions occur 35 in tandem at the N end in the vertebrate SGOL2 proteins. In addition, α-helical regions are 36 found in the central region of the shugoshin molecule in vertebrates, the rice O. sativa, and 37 certain fungi (Table 2) . Thus, the secondary structure is conserved indeed in the shugoshin 38 family, but the structural pattern is equally characteristic of both meiotic and mitotic 39
shugoshins. 40
Our analysis of the set of conserved amino acid motifs in shugoshins, the charge 41 distribution along the protein molecule, and pI values allowed us to conclude that the 42 functional classification of shugoshins into meiotic and mitotic lacks a structural basis apart 43 from the fact that the meiotic proteins always have a small, highly conserved domain (or a 44 motif when the domain is undetectable) at the C end ( Figure 4 , Table 2 ). The C-terminal 45 domain/motif is short, approximately 30 amino acid residues, but it is necessary for the exact 46 shugoshin localization in the centromeric region of chromosomes (Tang et al., 1998). 47 A greater similarity in several parameters is observed within shugoshin groups, SGO2 48 and especially SGO1. The most interesting features are shadowed gray in Table 2 In contrast, SGOL1 preserved the function of protecting cohesion, but only in mitosis. 13 The function is of importance indeed, given that meiotic cohesion is dissolved via two steps in 14 higher eukaryotes, first in chromosome arms (the so-called prophase pathway) and then in the 15
centromere. Yet the function was preserved by SGO1 and was not transferred to SGO2, as is 16 evident from our findings. Thus, any information obtained by comparing the shugoshin structure for different 28 organisms is of importance for understanding the actual functions and mechanisms of action 29 of shugoshins. The conserved motif found by us in the C-terminal region of shugoshins is of 30 particular interest in this respect, being conserved to the greatest extent in meiotic shugoshins, 31 but not among mitotic shugoshins. This structural difference in meiotic and mitotic 32 shugoshins, probably, can be responsible for resistance of shugoshin against degradation 33 during meiotic metaphase I and anaphase I, providing differences in sister-chromatids 34 behavior in meiosis I and mitosis. 35
Two directions of further investigation could be proposed. One is to test capability of 36 meiotic shugoshins to interact with other accessory proteins that could protect shugoshins 37 from degradation during meiosis I. Another way is to pay attention to possible association of 38 meiosis-specific arginine-reach motif of shugoshins (found in our study) with centromere 39 DNA during meiosis I. Seeman et al. (1976) hypothesized that, in the DNA major groove, an 40 arginine side group can form hydrogen bonds with a guanine base. Thus, several clustered 41 arginine residues can make "arginine comb". Indeed, there is qualitative observation that 42 arginine readily has high affinity to DNA. Recent thorough analysis (Suvorova et al., 2015) 43 confirms this conclusion. In this case, the arginine-guanine association could be involved in 44 protection of meiotic shugoshin from degradation in meiosis I, while shugoshins of mitotic 45 chromosomes, which have a motif with less number of arginine residues, lakes such kind of 46 association. 47 We conclude that meiotic shugoshins are combined in one family by their function 48 rather than by parameters characterizing their structure. Our results additionally indicate that 49 either SGO1 or SGO2 evolved to act as a main meiotic form, the choice being made 50 independently in different multicellular lineages, designated by Cock et al. (2011) , namely, 1 red and brown algae, green algae/plants, fungi, and animals, and being determined by a yet 2 unclear factor: capability of meiotic shugoshin to interact with another, accessory potein, or 3 with DNA at centromere region. Table 1 . A scale shows the amino acid sequence of a protein from the N toward the C end. Similar motifs are shown with bars of the same color and size. See text for more details.
